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Introduction
Tetrafluoromethane (CF 4 ), also known as Halocarbon 14, , is a colorless, non-toxic, non-flammable, non-corrosive gas belonging to the group of perfluorocarbons (PFCs). PFCs are extremely powerful greenhouse gases and find themselves among the longest-lived atmospheric traces gases 5 because of their great chemical stability. CF 4 is the most abundant PFC in the stratosphere, where it has an estimated lifetime of more than 50,000 years [1, 2] . For these reasons, CF 4 is cited in the Kyoto Protocol [3, 4, 5] as a substance whose atmospheric concentration should be monitored and reduced.
Infrared high spectral resolution solar occultation spectrometer measurements 10 (Atmospheric Chemistry Experiment) led to an abundance of 70.45 ± 3.40 pptv (10 −12 per unit volume) [6] . Part of this is of natural origin [7, 8, 9] . The main source of CF 4 , however, is anthropogenic and related to aluminum refining and to semiconductor manufacturing [10] . Recent studies from the ground and from space [6, 11, 12] detailed the evolution of CF 4 's atmospheric concentration.
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The in situ detection of atmospheric CF 4 is based on infrared solar absorption spectroscopy. The very intense ν 3 vibration-rotation band around 7.8 µm was used for the first detection of CF 4 in the atmosphere from balloon-borne 3 ACCEPTED MANUSCRIPT
A C C E P T E D M
A N U S C R I P T observations [13] . Volumetric mixing ratio profiles of CF 4 were retrieved from satellite-borne [6, 14, 15] and balloon-borne observations [16] . The public spec-20 troscopic databases like HITRAN [17, 18] or GEISA [19, 20] , however, are not complete enough for atmospheric applications, since they completely lack hot band lines. This causes huge errors in CF 4 concentration retrievals when using these databases, as shows in Ref. [21] . The authors of this paper already pointed out that the lack of hot band lines in the databases is the main problem; thus, 25 they used an empirical list of pseudo lines instead, which is much less flexible for simulations at any temperature. Table 1 recalls the normal modes of this molecule. Using a simple harmonic approximation, it is easy to evaluate the population P (v 1 , v 2 , v 3 , v 4 ) of the different vibrational levels, as a function of temperature T [22] as:
where g v is the vibrational level's degeneracy and Q v (T ) the vibrational partition function. This is plotted for CF 4 on Figure 1 . We thus see that the sole ν 3 fundamental band, also very strong, represents less than two-thirds of the absorption intensity at 296 K. In order to obtain a correct modelling of the molecule's opacity, it is thus mandatory to model hot bands, at least the one
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starting from the first excited vibrational level, v 2 = 1 (435.38 cm −1 ), that is the ν 3 + ν 2 − ν 2 band. To achieve this goal, it is thus necessary to know at first the lowest vibrational states (like bands with v 2 = v 3 = 1 in the above example). The purpose of 4
A C C E P T E D M A N U S C R I P T
the present paper is to perform a global and consistent analysis of as many 40 rovibrational transitions as possible, gathering existing and new experimental data, in order to obtain a reliable modeling of CF 4 'a absorption spectrum in the ν 3 region, including the most significant hot bands. We complete here our two previous studies [23] and [24] with extensive new experimental data, strongly increasing the number of assigned lines and of studied bands.
45
Section 2 details the various data used, while Section 3 recalls the sphericaltop model used for analysis and modeling. In Section 4, we present line assignments and effective Hamiltonian parameter fits. Line intensities are discussed in Section 5 and, finally, Section 6 presents the recent database updates concerning CF 4 .
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Experimental Details
This work gathers different data sources which are summarized in Table 2 .
We describe here the new spectra that have been recorded recently for this study.
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It should be noticed that the uncertainty on line positions associated to high resolution Fourier Transform spectra is typically better than 0.001 cm −1 , while that of Raman spectra may be somewhat worse. However, knowing that we use here a huge number of lines from various sources, with different pressures, signal-to-noise ratios and apodization functions, we considered in the present 60 study that all the line positions have a similar accuracy.
Infrared absorption data from Reims
The spectra are recorded with the Fourier Transform Spectrometer (FTS) of the GSMA laboratory already described elsewhere [25, 26] . The different characteristics of the spectra are reported in Table 2 (experimental conditions). The Table 1 and Section 3.
6
A C C E P T E D M A N U S C R I P T use two different detectors, a photovoltaic HgCdTe (or MCT) detector cooled at 77 K for the ν 2 + (ν 3 /2ν 4 ) region and an InSb detector cooled at 77 K for the ν 1 + (ν 3 /2ν 4 ) region, a Globar source, and different selected optical filters. 
Infrared absorption data from Braunschweig
Room temperature CF 4 spectra were recorded with a high resolution FTS (Bruker IFS120HR) using a White multiple pass absorption cell with a path length of 4 m, equipped with KBr windows. The ν 2 + ν 4 and ν 1 + ν 4 bands were recorded using slightly different experimental conditions listed hereafter 75 and grouped in Table 2. A liquid nitrogen cooled MCT detector and a globar source combination was systematically used for the recording of the two bands. A KBr beam splitter was used for both bands. Gas pressures were monitored with a MKS capacitance gauge. The spectral resolution was 0.003 cm −1 . The ν 1 +ν 4 band was monitored 80 at a gas pressure of 15 Torr (20 mbar) by co-adding 70 scans while the ν 2 + ν 4
band was recorded at a gas pressure of 11.25 Torr (15 mbar) by co-adding 200 scans.
Far infrared room temperature absorption data from SOLEIL
The far infrared room temperature data were recorded using the synchrotron 85 radiation delivered by the AILES beamline of the synchrotron SOLEIL. The high-resolution FTS (Bruker IFS 125 HR) available on the beamline was connected to a White multiple pass optical cell to achieve an absorption path length of 150 m. The FTS was settled to its maximal resolution (0.00102 cm −1 ) and a 6 µm thick mylar beam splitter and a bolometer equipped with an internal 90 optical filter were used to record the 40-580 cm −1 spectral range. A total of 326 and 274 scans were co-added for a gas pressure of 2.6 and 18 Torr respectively.
Jet-cooled infrared absorption data from SOLEIL
The jet-cooled absorption spectrum was recorded using the Jet-AILES apparatus implemented on the AILES beamline [27] . The infrared light beam
produced by the internal Globar source of the FTS was focused through a continuous planar supersonic expansion formed by a 30 µm × 60 mm slit nozzle.
A [29, 30] ). Considering an XY 4 molecule such as CF 4 , the vibrational levels are grouped in series of polyads named P k with k = 0, . . . , n. For k = 0, we have P 0 which is the ground state (GS). The Hamiltonian operator is written as follows:
where the different H {P k } terms are expressed in the following form:
In this equation, the t
are the parameters to be determined, while
and R Ω(K,nΓ) are vibrational and rotational operators, respectively. Hamiltonians which are obtained, for a given polyad P k , by the projection of H in the P n Hilbert subspace:
This effective Hamiltonian contains all the operators, and thus all the parame- 
Polyad scheme definition
Generally speaking, the polyad number n can be defined as it appears difficult to include all modes in a single polyad scheme at this stage.
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We thus decided here to build two separate polyad schemes:
• A "ν 2 " polyad scheme implying the ν 2 bending mode, its overtones and combinations and related bands linked to it through combinations (in fact, almost "all" the lowest CF 4 bands not linked with the ν 1 mode). In this case, we choose:
• A "ν 1 " polyad scheme implying the ν 1 stretching mode influence into several bands. In this case, we choose:
In both cases, there is no polyad number 1 (this one has no corresponding vibrational level). As we will see later, these two schemes lead to two separate global effective Hamiltonian fits. Tables 3 and 4 Total 887 197 Table 3 : Effective Hamiltonian for the "ν 2 " scheme, with the number of parameters in the model. Vibrational levels are denoted using vibrational quantum numbers in the form
The last column shows the number of parameters that could be fitted (see Section 4.1).
Line intensity calculations
In order to calculate transition intensities, the effective dipole moment tran-185 sition operator is also determined in a similar way (see Ref.
[32] for more detail).
This operator is expanded to the lowest possible degree. In the case of the ν 3 /2ν 4 dyad, we use the same dipole moment expansion as in our previous paper [23] .
Dipole moment derivative values and line intensities in this strongly absorbing ν 3 region are discussed in Section 5. 
Basis sets
The calculation of the effective Hamiltonian and effective dipole moment matrix elements are performed in the coupled rovibrational basis
A Total 648 107 † Parameters fixed to the values from the "ν 2 " fit, see Table 3 . ‡ Only v 1 = 2 parameters are fitted. Table 4 : Effective Hamiltonian for the "ν 1 " scheme, with the number of parameters in the model. Vibrational levels are denoted using vibrational quantum numbers in the form
The last column shows the number of parameters that could be fitted (see
where Ψ (J,nCr) r is a rotational wavefunction with angular momentum J, rota-
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tional symmetry species C r and multiplicity index n;
is a coupled vibrational basis set; C is the overall symmetry species
contains the relevant functions for the 4 normal modes of vibration,
For each normal mode number i = 1 to 4, we use a symmetrized harmonic oscillator basis set denoted
where
A C C E P T E D M A N U S C R I P T are the usual vibrational angular momentum quantum numbers for degenerate vibrations. C i is a T d irreducible representation (irrep) and n i a multiplicity index used when C i appears more than once for a given (v i , l i ) set. We always have n 1 = 0, n 2 = 0 and necessarily C 1 = A 1 . In Equation (9), we have:
C v being the overall vibrational symmetry. All C symbols here represent T d irreps.
Global fits of line positions
As already mentioned, the philosophy of this work is to gather many CF 4
high-resolution spectroscopic data (see Table 2 ) to use them in global fits of line 210 positions. Just as explained in Section 3.2, it appears difficult to include all CF 4 vibrational levels in a single polyad scheme. As a matter of fact, contrary to methane (CH 4 ) which has a well-defined polyad structure [33, 34, 35] , CF 4
has fundamental vibrational wavenumber with a more random distribution; we can just notice, as in our previous work [23] , that ν 3 is close to 2 ν 4 leading to 215 a Fermi interaction between the corresponding bands that must be treated as a dyad. This interaction propagates to all combination bands built on ν 3 /2ν 4 , for instance when adding ν 1 or ν 2 quanta.
Thus, it appeared wise and more practical to perform assignments and effective Hamiltonian fit following two partial polyad schemes. These two schemes 220 are described in Section 3.2 and the two sections below describe the assignment and fit process in each case.
It should be noticed that during the fits the different sets of data were used with the same weights due to compatible quality of the experimental spectra (see Section 2). The fundamental band of the ν 2 mode of tetrahedral XY 4 molecules is, at first approximation, only active in Raman scattering. A few years ago, we could region when a long optical path length is used [29] . In other words, the weakness of this interaction does not necessitate to consider a v 2 = v 4 = 1 polyad, but its 240 influence on the ν 2 induced dipole moment is sufficient to let this fundamental band appear in infrared absorption. In the present work, we used such a spectrum (see Section 2 and Table 2 ), along with the existing Raman data from Ref.
[24].
We then included new data concerning the ν 2 + ν 4 combination band. An-245 alyzing this one implies to know the v 4 = 1 level itself, so the previous data on the ν 4 fundamental [23] were necessary. As this one was already a part of a global study including the ν 3 /2ν 4 dyad (see above), we also included data corresponding to this region, coming both from Ref.
[23] and from newly recorded spectra (Table 2) . Some recently recorded THz lines of the ν 3 − ν 3 hot band 250 are also used [28] . Finally, a new ν 2 + (ν 3 /2ν 2 ) spectrum was also considered, leading to a global analysis and fit of all rovibrational bands that do not imply the ν 1 mode in the 0 to 1750 cm −1 region. We also noticed that the new spectra allowed to assign some hot band lines for 2ν 2 − ν 2 and ν 3 − 2ν 2 in the ν 2 infrared spectrum, which completed the dataset. As explained in Section 3.2 and Table   255 3, this is referred as the "ν 2 " scheme and fit.
We can notice that this study allowed to refine the GS parameters. It was also necessary to correct some ν 2 , 2ν 2 and ν 3 /2ν 4 assignments from our previous papers [23, 24] . ν 4 and ν 3 /2ν 4 are now assigned up to slightly higher J values. Table 5 ) to determine 197 effective Hamiltonian parameters (see Table 3 ). The overall root mean square deviation is 1.116 × 10 −3 cm −1 . For each of the new spectra, initial 265 simulations were performed using the existing effective Hamiltonian parameters from the previous studies which yielded preliminary assignments. Then the new parameters were determined and the assignments refined. Some corrections were also made to the assignments form the previous works. The process was iterated till no more assignment appeared possible.
A C C E P T E D M A N U S C R I P T
270 Table 5 summarizes the fit statistics and Figure 3 displays the fit residuals for line positions. 
275
We give four examples of comparisons between experiment and simulation in spectral regions in infrared absorption, which are analyzed and modeled here for the first time. Figure 4 presents the interaction-induced ν 2 region for which we could analyse and simulate two hot bands, namely 2ν 2 − ν 2 and ν 3 − 2ν 2 . Figure 6 displays the ν 2 + ν 4 region. Figure 7 shows some details concerning the quite complex ν 2 + (ν 3 /2ν 4 ) region. This one has 8 vibrational sublevels. We illustrate this on Figure 8 , which displays the rovibrational sublevels, as a function of the rotational quantum number J.
A C C E P T E D M
A N U S C R I P T More precisely, this Figure shows the reduced energy levels, defined by:
i.e. we subtract the dominant scalar polynomial terms in order to enhance levels splittings due to molecular symmetry. We give both the calculated and observed reduced energy levels. Observed levels are simply levels reached by assigned transitions which are included in the fit. This gives a good idea of the sampling of the energy spectrum. Table 2 and Ref. [29] ), compared to the simulation with two hot bands. Recently, in the case of the SF 6 molecule, we have shown another way to access such modes using the difference bands [44] . As a matter of fact, the 310 far infrared region of CF 4 near 280 cm −1 displays a very nice ν 1 − ν 4 band with a well-defined P QR branches structure. As described in Section 2, the 21 ACCEPTED MANUSCRIPT
A N U S C R I P T synchrotron radiation was of a great help to obtain spectra with an excellent signal-to-noise ratio in this low wavenumber region.
It made it possible to perform a new global analysis including vibrational
315 levels implying the ν 1 mode. This includes ν 1 and 2ν 1 − ν 1 Raman lines, and new spectra for ν 1 − ν 4 , ν 1 + ν 4 and ν 1 + (ν 3 /2ν 4 ). As explained in Section 3.2 and Table 4 , this is referred as the "ν 1 " scheme and fit. Parameters for the ground state, v 4 = 1, v 4 = 2 and v 3 = 1 levels were fixed to the values obtained in the "ν 2 " fit. The reason is that, in this second case, we have less data and 320 less parameters to fit. The line assignment and fit and simulation procedures using the XTDS and SPVIEW softwares [42] were totally similar to what we did for the "ν 2 " fit (see previous Section). Table 5 summarizes the fit statistics and Figure 9 displays the fit residuals for line positions. insert nicely illustrates the well-defined fine structure in the P branch. Figure   11 shows the ν 1 + (ν 3 /2ν 4 ) region. This one has 4 vibrational sublevels. Figure   330 12 displays the calculated and observed reduced energy levels, as defined by Equation 14 . 
where d i is the normal mode degeneracy (
The equilibrium bond length is: Tables A.6 and B.7, we get:
and thus:
This value is slightly smaller than in Ref. [24] , but more precise. The resulting simulation at high resolution is shown on Figure 13 , compared to the corresponding spectrum recorded in the present work. Figure 14 shows a It appears clearly that we can now simulate a significant part (almost 92 %, 375 see Figure 1 ) of the ν 3 region absorption intensity at room temperature, compared to the sole ν 3 fundamental simulation (which represents only 65.8 % of the intensity).
Line intensities
HITRAN and TFMeCaSDa updates
Although the present work was not fully ready on time for the recent HI- [47, 48, 49] . This one has also been updated using the present data. It is accessible through the VAMDC portal (http://portal.vamdc.org).
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Conclusion
The two global fits presented in this study constitute the most extensive study of CF 4 rovibrational levels to date. This enables a significant update of the public spectroscopic databases concerning this molecule. Our results should allow a much better modeling of the atmospheric absorption and improved con- Another important challenge would be to accurately measure the line intensities and to determine the experimental dipole moment parameters, instead of using previously calculated values. This is not an easy task, for such a heavy molecule with a very congested spectrum consisting mostly of many overlapping 410 lines. [25] L. Régalia, Phd. thesis, University of Reims, France (1996) . [41] C. Wenger, J.-P. Champion, Spherical top data system (STDS) software for the simulation of spherical top spectra, J. Quant. Spectrosc. Radiat.
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